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INTRODUCTION 43 Viral upper respiratory infection is a common cause of olfactory dysfunction, in part because the 44 olfactory epithelium is located adjacent to respiratory epithelium, the site of replication of 45 multiple viruses that cause upper respiratory tract infection and because olfactory neurons 46 directly access the environment. Viruses take advantage of this direct connection with the 47 olfactory bulb (OB) to enter the central nervous system (CNS) (1-6). In the process of gaining 48 access to the CNS, these viruses damage the olfactory epithelium and the olfactory bulb leading 49 to altered olfaction (7) (8) (9) (10) (11) . 50 The process of scent discrimination begins within the olfactory epithelium when 51 odorants bind odorant receptors on olfactory sensory neurons (OSNs) (12, 13) . OSNs project 52 their axons onto the dendrites of projection neurons (tufted cells and mitral cells) within the 53 olfactory glomeruli of the OB. These tufted and mitral cells then send axons deeper into the 54 brain, largely to the primary olfactory cortex but also to secondary and tertiary connections of the 55 OB. Interneurons within all the layers of the olfactory bulb modulate the signal sent by these 56 projection neurons. While all olfactory bulb interneurons use gamma-aminobutyric acid as a 57 neurotransmitter, some also express dopamine. These interneurons, which include granule cells 58 and periglomerular cells, are characterized by soma size, soma location, dendrite extension, and 59 expression of calcium-binding proteins (14-17). For example, periglomerular cells have a small 60 soma, are located in the glomerular layer of the olfactory bulb and express tyrosine hydroxylase, 61 calbindin, or calretinin. In contrast, granule cells express calretinin but not calbindin or tyrosine 62 hydroxylase (14, 18, 19) . While these interneurons are inhibitory by nature, and anatomical 63 studies have shown that each subtype extends dendrites, little is known about the function of 64 these cells or how they are molecularly distinct from each other. 
74
Unlike other neurotropic strains of MHV, JHMV primarily infects neurons (25-28). However, 75 little is known about the ratio of neuronal to glial infection compared or about the subtypes of 76 neurons infected by JHMV, although infection of tyrosine hydroxylase-expressing neurons may 77 be limited to certain regions of the brain (24).
78
The irreplaceable nature of most neurons is a major factor in the long-term morbidity 79 observed after viral infections of the central nervous system. Loss of individual neurons and the 80 associated disruption of interconnected neural networks results in permanent damage to the 81 brain. Though not extensively validated, it would be advantageous for neurons to survive after 82 viral infection. In support of this, neurons have been shown to survive an attenuated rabies virus 83 infection (29) but whether this phenomenon occurs with viruses other than attenuated rabies 84 virus is not known.
85
Here, to study brain cells that survive infection after neurotropic CoV infection, we 
95

RESULTS
96
Construction of a Cre-expressing recombinant JHMV (rJ-Cre). Although it is established 97 that rJ infects neurons, including mitral cells (25, 26), it is not known whether any neurons in 98 general survive this infection, or whether certain neuronal cell types preferentially survive. To 99 engineer a Cre-expressing rJ virus, we used a previously described system of reverse genetics 100 utilizing a Bac cDNA clone (pBAC-JHMV IA ) (31). Cre was inserted into pBAC-JHMV IA in 101 place of ORF4, a gene that is dispensable for viral replication in tissue culture or in mice (32, 33) 102 using Red recombination with an arabinose-inducible Flp recombinase ( Figure 1A) . rJ-Cre was 103 propagated and analyzed for its ability to replicate in tissue culture cells and to cause lethal 104 encephalitis in mice. Insertion of the Cre gene had little to no effect on virus replication in 17Cl-105 1 cells compared to wild-type rJ (Figure 1B) . Infection of C57Bl/6 mice with 4 x10 4 rJ-Cre 106 resulted in morbidity and mortality indistinguishable from that seen in mice infected with rJ 107 (Figure 1C) . Together, these results indicate that the insertion of Cre into the rJ genome did not 108 appreciably alter viral fitness.
109
To assess the functionality of Cre expressed from rJ-Cre, tdTomato mice were intranasally 110 infected with 4 x10 4 rJ-Cre. After intranasal infection, rJ accesses the brain by replication in the spreads transneuronally throughout the brain via primary, secondary and tertiary connections of 113 the OB, reaching sites in the brainstem, amygdala and midbrain by 7 days post-infection (dpi) 114 (23, 24). In preliminary experiments, we observed that approximately seven days were required 115 after inoculation of the animal before tdTomato expression was sufficiently elevated to be 116 detected by confocal microscopy. By 11 dpi, robust tdTomato levels could be detected by 117 confocal microscopy in neurons of the olfactory system, including neurons in the brainstem at 118 sites known to be tertiary connections of the OB (Figure 2A) . Periglomerular cells (arrows, right 119 panel) were often dege nerate (i.e. nuclei were small and hyperchromatic). These changes were 120 seen on a background of moderate cellular inflammation (Figure 2B ). These results indicated N protein + cells were apparent by 7 dpi. N protein was detected in spite of the increase in auto-135 fluorescence seen upon virus infection. At 7 dpi, most tdTomato colocalized with N protein 136 though some strongly tdTomato + , N protein negative cells were clearly visible ( Figure 3B) . 137 However, by 11 dpi, viral antigen was no longer detected within the OB even as tdTomato 138 expression became more prominent (Figure 3A) . 139 As additional support for the notion that the presence of tdTomato + cells reflected cell 140 survival after virus clearance, we measured levels of viral RNA in the OB. Viral subgenomic 141 RNA within the olfactory bulb was detected at 3 dpi, prior to the detection of virus antigen or 142 tdTomato positivity and reached peak levels at 5 dpi ( Figure 3C) . Levels of subgenomic RNA 143 then declined and were detected at low levels at 7 dpi indicating that viral clearance was 144 occurring. The presence of tdTomato-expressing cells in the OB even as virus was cleared from 145 this site supports the conclusion that at least a subset of CNS cells was able to clear the infection 146 and remain viable. antibodies to tyrosine hydroxylase, calretinin, and parvalbumin. tdTomato-positive cells did not 162 express any of these markers. While readily detected, tyrosine hydroxylase-expressing cells did 163 not co-express tdTomato (Figure 5B) . Similarly, tdTomato + parvalbumin + and tdTomato + 164 calretinin + cells also were not detected (Figure 5C, D) . These results suggest that expression of 165 the cell-specific marker was decreased in surviving cells, or alternatively, infection was 166 predominantly of an interneuron subset not expressing one of the three proteins that we assayed.
167
Rare glial cells survive rJ infection. rJ is known to primarily infect neurons (25, 26) and 168 tdTomato + cells were morphologically neurons; however, rJ infection of glia has also been 169 reported (28, 35, 36) . To better characterize the relative proportion of neuronal and nonneuronal 170 cells in the brain that survive infection, we stained sections from infected tdTomato + mice with 171 antibodies specific for astrocytes and microglia. First, sections were stained with antibody to 172 glial fibrillary acidic protein (GFAP), a well-described protein expressed by astrocytes. The 173 results showed that few astrocytes were tdTomato + although, a few tdTomato + astrocytes were 174 found (Figure 6A) . To determine whether microglia survived rJ-Cre infection, we 175 immunostained OB sections with an antibody to IBA-1, a protein that is upregulated on these 176 cells at sites of inflammation. Some cells exhibited co-localization of IBA-1 and tdTomato after 177 infection (Figure 6B) , but the pattern of co-localization appeared punctate and phenotypically 178 different from the diffuse tdTomato expression detected in neurons. Therefore, this punctate 179 pattern may represent microglia/macrophage phagocytosis of tdTomato + cells as opposed to de 180 on August 24, 2017 by FUDAN UNIVERSITY http://jvi.asm.org/ Downloaded from novo tdTomato expression. Consistent with this interpretation, there was a lack of tdTomato 181 positivity detected in the nucleus of these cells. To confirm these results, we bred CX3CR1-GFP, 182 which serve as microglia-reporter mice, to tdTomato mice. F1 progeny from this cross were 183 infected with rJ-Cre. These mice constitutively express GFP in microglia/macrophages, and will 184 express tdTomato in cells after viral infection, eliminating the need for immunostaining.
185
Experiments with CX3CR1 GFP/+ tdTomato +/mice largely recapitulated the punctate IBA1 186 immunostaining described above. Microglia/macrophages with a punctate pattern of tdTomato 187 were near tdTomato + neurons (Figure 6C) . However, uncommon cells with the typical 188 morphology of microglia showing a more diffuse pattern of tdTomato expression in both the 189 cytoplasm and nucleus were also found, suggestive of rare endogenous infection (Figure 6C) . 190 Collectively these results indicate that rJ is capable of infecting glial cells, albeit at low levels, 191 and that some astrocytes and microglia survive rJ infection. They also suggest, perhaps not 192 surprisingly, that microglia/macrophages play a role in clearing virus-infected cells. 194 While the consequences of viral infection in the central nervous system can be devastating 195 because of neuronal loss, little is known about whether neurons that survive are dysfunctional.
193
DISCUSSION
196
The main challenge to studying neurons affected by virus infection is to identify and isolate 197 those cells after virus has been cleared. Here, we demonstrate a method useful for identifying 198 previously infected cells by alteration of the host genome using virally-expressed Cre protein. 199 We used a virulent neurotropic CoV that results in a lethal disease by 12 dpi. We found cells, to high titers in the OB, with little evidence of spread elsewhere in the brains of 229 immunocompetent mice (10, 11, 34) . However, in mice lacking T or B cells OBLV spreads 230 throughout the brain (34). The propensity for viruses to invade the CNS via the OB, combined 231 with the uncommonness of viral encephalitis, suggests that the olfactory epithelium, nerve, or 232 bulb may limit viral spread to and within the CNS, perhaps by modulating the immune response.
233
Our results indicate that some cells in the OB, especially interneurons, survive the initial virus 234 infection. These cells are primarily inhibitory and modulate neuronal function. Whether these 235 surviving neurons have diminished function, resulting in changes in olfaction will require 236 additional investigation.
237
MATERIALS AND METHODS
238
Cell culture. MHV-receptor-expressing HeLa cells (HeLa-MHVR), 17Cl-1 cells, and MHV-239 receptor expressing BHK cells were grown as previously described (38, 39) . were transferred to 30% sucrose and kept at 4°C overnight. Brains were snap-frozen in tissue 280 freezing media using a stand-alone Gentle Jane device. 10 or 50 µM sections were obtained on a 281 Thermo cryostat and stored at -80°C. For hematoxylin and eosin staining, brains were removed, 282 fixed in zinc formalin, then embedded in paraffin. Tissue sections were stained with H&E.
283
Tissue staining and imaging. For staining, frozen sections were warmed at room temperature 284 for 10 minutes. Sections were immersed in PBS for 10 minutes before a 10-minute treatment 285 with 0.1% Triton-X in PBS. Sections were then rinsed in PBS 3x for 5 minutes each. Next, 286 samples were incubated in CAS block (Invitrogen) for 10 minutes followed by incubation in 287 primary antibody diluted in 1% goat serum in PBS overnight at 4°C in a humidity chamber.
288
Primary antibodies to GFAP (Sigma) at 1:10000, IBA1 (Wako) at 1:2000, parvalbumin (Sigma) 289 at 1:1000, tyrosine hydroxylase (Millipore) at 1:1000, calretinin (Millipore) at 1:1000 and viral 290 N protein (kindly provided by Dr. Michael Buchmeier, University of California, Irvine) at 291 1:10000 were used. Sections were rinsed before incubation with a 1:200 dilution of an 292 appropriate A488-conjugated goat anti-mouse or anti-rabbit antibody, Thermo Fisher Scientific).
293
In some cases, Topro-3 (Thermo Fisher Scientific) was included in the secondary antibody 
